Abstract: Biodiversity research shows that diverse plant communities are more stable and productive than monocultures. Similarly, populations in which genotypes with different pathogen resistance are mixed may have lower pathogen levels and thus higher productivity than genetically uniform populations. We used genetically modified (GM) wheat as a model system to test this prediction, because it allowed us to use genotypes that differed only in the trait pathogen resistance but were otherwise identical. We grew three such genotypes or lines in monocultures or two-line mixtures. Phenotypic measurements were taken at the level of individual plants and of entire plots (population level). We found that resistance to mildew increased with both GM richness (0, 1, or 2 Pm3 transgenes with different resistance specificities per plot) and GM concentration (0%, 50%, or 100% of all plants in a plot with a Pm3 transgene). Plots with two transgenes had 34.6% less mildew infection and as a consequence 7.3% higher seed yield than plots with one transgene. We conclude that combining genetic modification with mixed cropping techniques could be a promising approach to increase sustainability and productivity in agricultural systems, as the fitness cost of stacking transgenes within individuals may thus be avoided. mixed may have lower pathogen levels and thus higher productivity than genetically uniform 5 populations. We used genetically modified (GM) wheat as a model system to test this prediction, 6
INTRODUCTION 22
Since the mid-20th century, the Green Revolution allowed agricultural yields to increase 23 continuously, for example in bread wheat in Europe from about 1.5 t in 1950 to 7 t of grain per ha 24 in 1996, but since then wheat yields have stagnated (Brisson et al. 2010 ). Fertilizer, pesticides and 25 new crop varieties contributed to the dramatic increases in yields (Conway 1997 ). However, the 26 impact of this development on the environment has also been considerable and unfortunately often 27 negative (Tilman et al. 2001 ). Organic farming, on the other hand, has allowed a reduction of the 28 input of agrochemicals but only at the cost of reduced yields (Maeder et al. 2002) . 29
Genetic engineering may hold solutions to this problem. For example, crop plants with 30 introduced resistance traits may help to reduce pesticide use while maintaining or even increasing 31 yields (Borlaug 2000) . Some of these genetically modified (GM) crops have been so successful 32 that they are currently planted on large areas (James 2009 ). This leads to a high selection pressure 33 on the pests to overcome the resistance by evolution of new genotypes (Tabashnik et al. 2009 , 34 Powles 2010), which in turn may reduce the advantages of GM crops. Efforts are being made to 35 slow down the evolution of such new pest genotypes. Besides refuge strategies, the combination of 36 several GM traits within a single plant, also known as pyramiding or stacking, has been promoted 37 (Bravo and Soberon 2008) . However, the sustainability of this approach might be compromised, as 38 "super-pests" may evolve that overcome such multiple resistance, particularly if single-transgene 39 and multiple-transgene crops are planted in close proximity (Zhao et al. 2005 ). Another problem, 40 which to date has rarely been addressed, are potentially increased defense costs that multiple 41 resistances impose on an individual plant (Kalinina et al. 2011) . 42
Here we suggest that one solution to these problems could be using mixtures of lines with 43 different but complementary resistance traits, i.e. stacking genes at the population rather than the 44 4 individual plant level. In addition to increasing resistance at the population level, such a strategy 45 should allow the different pathogen strains to survive in low numbers on some plants, thus 46 reducing the selection pressure on the pathogen to overcome plant resistance. 47
Ecological theory and results of recent biodiversity experiments suggest this line of 48 argumentation. In grassland biodiversity experiments, productivity generally increases with 49 diversity (Tilman et al. 1996 , Hector et al. 1999 , Roscher et al. 2005 . Such increased productivity 50 of total biomass in grasslands with plant diversity has some analogs with increased yield in 51 agricultural systems. One of the reasons for increased yield with plant diversity in agricultural 52 systems is reduced pathogen susceptibility (Zhu et al. 2000) . For example, wheat lines susceptible 53 to mildew have lower levels of infection if they are surrounded by resistant lines (Kalinina et al. 54 2011). Particular pathogens are less likely to become dominant in a diverse system when their 55 particular hosts all occur at low abundance (Keesing et al. 2006 ). Only generalist pathogens would 56 be able to thrive in diverse systems of hosts, and such generalists may be less efficient in 57 overcoming the defense of a particular host due to trade-offs among the different adaptations 58 needed to overcome the defenses of a diverse set of hosts (Woolhouse et al. 2001) . 59
While ecologists are currently investigating the mechanisms by which species-rich plant 60 communities have lower pathogen abundance and higher yields (Maron et al. 2011 ), agronomists 61 came across similar phenomena some time ago, albeit at the between-variety, within-species level. 62
Mixtures of several varieties of the same crop species can have higher yields than monocultures of 63 single varieties (Browning and Frey 1969, Wolfe 1985) . However, diversity strategies have rarely 64 been used so far for technical reasons, such as uniformity requirements for varieties and seed 65 material and harvesting efficiency (Smithson and Lenne 1996 increasing GM-richness (0, 1, or 2 GM lines) and GM-concentration (0, 50, 100% of individuals 77 from GM lines) of the plots. Our hypotheses are as follows: 78
• H1: If plot-level transgene diversity reduces powdery mildew infection more efficiently 79 than transgene monocultures, both higher GM-concentration and especially higher GM-80 richness will reduce powdery mildew infection. 81
• H2: Such reductions in powdery mildew will increase seed yield at the plot level. 82
• H3: If the underlying mechanism for the transgene diversity effect is mediated by the 83 density of plants, then the effect of diversity will be significant for plant performance at the 84 plot level rather than at the individual level, since results from individual plants will not be 85 effective predictors of plot-level responses. 86
• H4: In contrast, if the mechanism is for individual plants to have reduced risk of infection 87 as transgene diversity increases, then the effect of diversity will be significant at the level 88 of individual plant performance. respectively, and weighed. The reproductive parts were threshed to obtain seeds and determine 158 total seed mass per plant, here referred to as individual seed production. Finally, the seed mass of 159 the individual plants was divided by the number of seeds and multiplied by one thousand to 160 calculate the thousand seed weight (TSW).
9
Two non-destructive measurements were conducted at the plot level. Leaf Area Index 162 (LAI) was measured on the western side of each plot 25 and 35 days after germination (LAI 2000  163 Plant Canopy Analyser, LI-COR Biosciences; Lincoln, USA). It consisted of two measurements 164 close to an inner row and one between the rows as well as a control measurement above the 165 canopy. To assess differences in flowering time, the percent of plants with flowering spikes in 166 each plot was determined 64 days after germination. At this time, all plots had flowering spikes. A 167 subplot of 50 x 72.2 cm was harvested in the same place were the LAI was measured in each plot. 168
These subplots were placed 50 cm from the western edge of the plot and excluded the two outer 169 rows. The harvested material was separated into vegetative and reproductive parts to determine 170 biomass, seed yield and thousand seed weight at plot level. The latter was determined on a sample 171 of 1,000 seeds. 172
173

Data analysis 174
We analyzed the data of individual plants and plots separately by mixed-model analysis of 175 variance using the REML (Restricted Maximum Likelihood) method. We used the statistical 176 software GenStat (VSN International Ldt.). The critical significance level was 0.05 in all analyses. 177 However, we also present and discuss some results which were marginally significant at the 0.1 178 level (Peto et al. 1976, Toft and Shea 1983) . The results of the mixed-model analyses are 179 summarized in tables for all variables (see Appendix A and B). Residual plots were examined to 180 identify outliers and to check if the assumptions of normality and homoscedasticity were fulfilled. 181
For the six diversity treatments (three monocultures and three mixtures), two linear but non-182 orthogonal contrasts were made to test for effects of increasing GM-richness (0 for monoculture 183
Bobwhite control, 1 for each of the two GM monocultures and the mixtures of each GM with 184 Bobwhite control, 2 for the mixture of the two GM) or increasing GM-concentration (0% for 185 monoculture Bobwhite, 50% for each of the 2 mixtures of one GM and Bobwhite control, 100% 186 for the two GM monocultures and the mixture of the two GM). Since these two contrasts were 187 partly confounded with each other, their fitting sequence was swapped in two alternative statistical 188 models. For GM-richness, which was the focus of our study, the different sequences can be 189 interpreted as follows: when GM-richness is fitted first, confounding effects of GM-concentration 190 are ignored; when GM-richness is fitted second, it measures the difference between richness levels 191 corrected for increasing GM-concentration. The phenological development of GM plants measured 59 days after germination was on 233 average not significantly different from that of control plants ( Figure 1B and Appendix A). 234
However, Pm3b developed significantly faster than Pm3a (difference = 2.2 points on Zadoks 235
Scale, P<0.001). This means that an introduced transgene can influence the phenological 236 development of a plant. 237
Individual plants in Bobwhite control plots were significantly shorter than in plots 238 harbouring GM plants ( Figure 1C ; difference = 3.8cm; P=0.014). Plant height increased with GM-239 richness and GM-concentration (sum of the two contrasts significant at P=0.013). However, the 240 individual contrasts were only significant if fitted first in the statistical model (GM-richness: 241
P=0.013; GM-concentration: P=0.013). 242
Pm3a had significantly more biomass than Pm3b ( Figure 1D ; difference= 0.55 g/plant; 243 P=0.036). There was a trend towards higher biomass with increased GM-richness (P=0.099) but 244 GM-concentration did not influence the biomass of individual plants. Pm3a had a marginally 245 higher individual seed production than Pm3b (P=0.055) and GM-richness marginally increased 246 individual seed production as well (P=0.092). Pm3a had significantly more (data not shown, 247 P=0.003) but lighter seeds than Pm3b ( Figure 1F 
Plot-level responses 253
In the multivariate analysis with the plot level data the diversity treatment effects were also highly 254 significant (P=0.002, Appendix B). GM-concentration was significant if fitted first or second 255 (P=0.021 and P=0.005). GM-richness, however, was only significant if fitted second, i.e. after 256 GM-concentration (P=0.020), indicating that after correction for increasing GM-concentration, 257 plots with two GM lines differed from plots with only one GM line. Furthermore, plots containing 258 Pm3a differed significantly from plots containing Pm3b (P<0.001). 259
The LAI measured at the beginning of the growing season (25 days after germination) 260 decreased with increasing GM-concentration ( Figure 2A The aboveground biomass in the plots did not differ statistically significantly among the six 269 diversity treatments ( Figure 2C ). However, a positive D-value of 0.062 indicated that the GM-GM 270 mixture tended to have higher biomass than expected from the mean of the two GM monocultures. 271
Clearer differences were found for seed yield ( Figure 2D ). Plots with high GM-richness had higher 272 yield than plots with low GM-richness (P=0.04). In numerical values plots with two GM lines had 273 a 16.7% higher seed yield than control lines whereas plots with only one GM line only had a 5.4% 274 higher seed yield than control lines. A positive D-value of 0.073 indicated that the GM-GM 275 mixture performed 7.3% better than expected from the mean of the two GM monocultures. Since 276 14 the mixture was also producing a higher seed yield than the better GM monoculture, there was 277 evidence for transgressive overyielding (Schmid et al. 2008) . 278
The TSW increased significantly with GM-richness ( Figure 2E , P=0.006). Seeds from plots 279 with two GM lines were 11.9% heavier than seeds from control plots, whereas seeds from plots 280 with only one GM line were only 5.6% heavier than seeds from control plots. This was also 281 reflected in positive D-values for all mixtures. Similar to the individual plant data, seeds from 282 plots containing Pm3b were significantly heavier than seeds from plots containing Pm3a 283 (P=0.016). 284
285
Analyses with covariate mildew infection 286
To assess the influence of the mildew infection on other measured traits we repeated the analysis 287 with AUDPC as covariate. On the individual plant level, plant height and TSW were affected 288 significantly (plant height: P=0.001; TSW: P=0.002) by AUDPC. The inclusion of the covariate 289 fully explained the effects of GM-richness and -concentration on plant height and TSW. Thus the 290 two contrasts were no longer significant if fitted after the covariate. However, the differences 291 between lines Pm3a and Pm3b persisted. 292
At the plot level, biomass, seed yield and TSW were significantly influenced by the 293 covariate. Whereas the covariate did not remove the significance of the remaining effects on plot 294 biomass, it did explain the GM-richness and -concentration effects on seed yield and TSW at plot 295 level, which both were no longer significant if fitted after the covariate. However, the differences 296 between plots containing line Pm3a vs. Pm3b remained significant. Overall, these results suggest 297 that the reduced mildew infection found in plots with high GM-richness or GM-concentration had 298 a positive influence on plant height, seed yield and TWS. 299 300 DISCUSSION 301
Mixing GM lines reduces mildew infection (H1) and increases yield (H2) 302
This study demonstrates that genetically modified (GM) wheat plants perform differently Besides the resistance to powdery mildew, we assessed a number of phenotypic traits 321 correlated with performance. Individual plants grew taller and produced larger seeds in plots with 322 increased GM-richness or -concentration. However, at the plot level we recorded a lower leaf area 323 index at the beginning of the growing season and a later flowering time in plots with high GM-324 concentration. This could indicate costs of resistance (Bergelson and Purrington 1996) . 325
Nevertheless, seed size and seed yield increased with GM-richness: one of the two plots with a 326 GM/control line mixture (Pm3b/BW) increased its yield by 3.8% compared the mean of single 327 monocultures. Because the seed yield of the mixture of the two GM lines was even higher than 328 that of the better single-GM line monoculture (yield of Pm3b/Pm3a mixture was 6.5% higher than 329 in Pm3b), this can be considered as one of the rare cases of transgressive overyielding (Trenbath 330 and Harper 1974 , Harper 1977 , Vandermeer 1989 ) in which two parts of a system improve their 331 performance by interacting with each other. Using mildew infection as a covariate in the statistical 332 analysis explained most of the differences in performance between plots with different GM-333 richness or -concentration, indicating that overall it was indeed the increased mildew resistance 334 that caused the positive effects of GM-richness and -concentration on performance. 335
336
Differences among GM lines 337
Our experiment allowed us to test whether the introduction of different alleles of a Pm3 transgene 338 also affected plant performance. This was indeed the case. Even though the trait directly linked to 339 the transgene, mildew resistance, was similar in both tested lines, we found that the phenological 340 state and the start of flowering differed strongly between the two GM lines. Although at plot level 341 biomass and seed yield did not differ, individual Pm3a plants had higher biomass and marginally 342 higher individual seed production than Pm3b. The TSW analysis revealed that Pm3a had generally 343 smaller seeds than Pm3b. It appears that the slower development of Pm3a allowed the individual 344 plants to stay longer in the vegetative phase, develop more biomass and produce more but smaller 345 seeds. Since both GM lines had similar mildew resistance, it is not likely that the performance 346 differences described above were caused directly by the powdery mildew infections or allelic 347 differences between the two lines. Since the lines differed both in the identity of the allele and the 348 transformation event, it is conceivable that their different performance was due to effects related to 349 the latter, e.g. different gene expression levels as a consequence of different location of the 350 insertion site (Cubas et al. 1999, Filipecki and Malepszy 2006) . Such expression differences were 351 for example observed in a previous study using multiple transformation events with a single Pm3 352 allele (Zeller et al. 2010) . 
